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a b s t r a c t
Salinity stress is one of the major abiotic stresses that limit agricultural yield. To understand
salt-responsive protein networks in soybean seedling, the extracted proteins from seedling
roots of two different genotypes (Lee 68 and Jackson) were analyzed under salt stress by
two-dimensional polyacrylamide gel electrophoresis. Sixty-eight differentially expressed
proteins were detected and identiﬁed. The identiﬁed proteins were involved in 13 metabolic
pathways and cellular processes. Proteins correlated to brassinosteroid and gilbberellin sig-
nalings were signiﬁcantly increased only in the genotype Lee 68 under salt stress; abscisicKeywords:
Soybean
Salt stress
Proteomics
Metabolism
Salt tolerant and sensitive
acid content was positively correlated with this genotype; proteins that can be correlated
to Ca2+ signaling were more strongly enhanced by salt stress in the seedling roots of geno-
type Lee 68 than in those of genotype Jackson; moreover, genotype Lee 68 had stronger
capability of reactive oxygen species scavenging and cell K+/Na+ homeostasis maintaining
in seedling roots than genotype Jackson under salt stress. Since the genotype Lee 68 has
been described in literature as being tolerant and Jackson as sensitive, we hypothesize that
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insensitive 1; BRs, brassinosteroids; BSU1, BRI1-suppressor 1; BZR1, brassinazole resistant 1; DEPs, differently expressed proteins; EBD, 6-
deoxo-24-epicastasterone; EBI, epibrassinolide; EBK, epicastasterone; EF-HCP, 39kDa EF-Hand containing protein; GA, gilbberellin; Glyox,
glyoxalase; G protein, guaninenucleotide-binding protein; GST, glutathione S-transferase; PDI, protein disulﬁde isomerase-like; Perox, per-
oxiredoxin; RLS, ribulose 1,5-bisphosphate carboxylase large subunit; ROS, reactive oxygen species; SAMS, S-adenosylmethionine; SOD,
superoxide dismutase, chloroplastic; TCTP, translationally-controlled tumor protein; Trans, transketolase; VHA, V-H(+)-ATPase subunit
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these major differences in the genotype Lee 68 might contribute to salt tolerance. Combined
with our previous comparative proteomics analysis on seedling leaves, the similarities and
differences between the salt-responsive protein networks found in the seedling leaves and
roots of both the genotypes were discussed. Such a result will be helpful in breeding of
salt-tolerant soybean cultivars.
© 2014 The Authors. Published by Elsevier B.V. on behalf of European Proteomics
Association (EuPA). This is an open access article under the CC BY-NC-ND license
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s. Introduction
alinity stress is one of the major abiotic stresses that limit
gricultural yield. Over 20–50% of the whole arable land is
ffected by salt stress every year [1]. Development of salt toler-
nt cropsmay substantially expand theword’s food-producing
rea. Soybean is an important dicot crop due to the high
ontent of oil and protein in its seeds, and generally con-
idered as one of the salt-sensitive crops [2,3]. Recently, salt
tress has become one of the limiting factors that reduce
ts yield like many other crops. As a result, development of
mproved levels of tolerance to salt stress has become an
rgent priority for soybean breeding programs. Many previ-
us studies have indicated that the adaptation of the plant
o salt stress requires alteration in gene expression and sub-
equently the protein proﬁle and is very complicated at the
hole plant and cellular levels [4]. Discovering the molecular
echanismandexploringnewstrategies conferring salt stress
o soybean will be helpful in breeding of salt-tolerant soybean
ultivars. However, to date, only limited information is avail-
ble about salt-response proteins in soybean. This has limited
ur understanding of the molecular mechanism adopted by
his important crop in response to salt stress.
Two genotypes, Jackson (salt sensitive) and Lee 68 (salt tol-
rant), have been widely used to reveal soybean responses to
alinity stress at physiological and agronomic trait levels by
any investigators [2,5]. In our previous study, 78 differen-
ially expressed proteins were identiﬁed in the seedling leaves
f the two genotypes and involved in 13 metabolic pathways
nd cellular processes. Salt-tolerant genotype Lee 68 pos-
essed the ability of higher ROS scavenging, more abundant
nergy supply and ethylene production, and stronger pho-
osynthesis than salt-sensitive genotype Jackson under salt
tress, which may be the major reasons why it is more salt-
olerant than Jackson [5]. However, due to the direct effects
f soil salt stress on plant roots, plant roots are found to be
ore sensitive than leaves to salt stress [6]. Many processes
ave been reported to become dominant at the proteome level
n root salt response, including salt signal perception and
ransduction, detoxiﬁcation of ROS, salt uptake/exclusion and
ompartmentalization, protein translation and/or turnover
ynamics, cytoskeleton/cell wall dynamics, carbohydrate and
nergy metabolism, and so on. These processes work together
o gain cellular homeostasis in roots and determine the overall
henotype of plant growth and development under salt stress
7]. Therefore, the differentially expressed proteins identi-
ed in soybean seedling roots under salt stress may have
ore important roles in help us in understanding of soybean
eedling’s responses to salt stress.(http://creativecommons.org/licenses/by-nc-nd/3.0/).
In the present study, a proteomic approach was applied to
the seedling roots of the two soybean genotypes, Jackson (salt-
sensitive) and Lee 68 (salt-tolerant) under salt stress. Themain
objectives were (1) to identify differentially expressed proteins
in seedling roots; (2) based on the proteomics and physiologi-
cal andbiochemical data, to discuss themolecularmechanism
of soybean seedling roots in response to salinity stress; (3)
combined with our previous study, to reveal the differences in
metabolic pathways and cellular processes between the leaves
and roots of the two soybean genotypes. Such a result will
allow us to further understand and describe the possible man-
agement strategy of cellular activities occurring in salt-treated
soybean seedling.
2. Experimental procedures
2.1. Plant material
Seeds of two soybean genotypes (salt-sensitive genotype Jack-
son and salt-tolerant genotype Lee 68) were sterilized with
0.1% HgCl2 for 10min. After three times of rinsing with ster-
ilized distilled water, the seeds were germinated on wet ﬁlter
paper in the dark for 72h at 26 ◦C. Uniformly germinated
seeds were transplanted into 1/2 Hoagland nutrient solu-
tion, which was replaced with fresh one every 3 days. The
seedlings were grown in a growth chamber with 25/20 ◦C tem-
perature (day/night), photon ﬂux density of 480molm−2 s−1,
16h photoperiod, and relative humidity of 60–80%. Thirty two-
week-old uniformseedlingswere selected to grow in each tank
(50 cm×40 cm×15 cm) with 1/2 Hoagland nutrient solution
including 150mM NaCl. Root samples taken at different salt
stress time points (1, 12, 72, and 144h) were immediately used
or frozen in liquid nitrogen and stored at −20 ◦C. The roots
from the unstressed plants were also collected at 1, 12, 72,
and 144h, respectively, and used as control.
2.2. Determination of brassinosteroid (BR), abscisic
acid (ABA), and gilbberellin (GA) contents
The contents of BR (epibrassinolide, EBI; epicastasterone, EBK;
6-deoxo-24-epicastasterone, EBD) were detected according to
Alesˇ et al. [8]. Samples were analyzed by LC/MS using a
Hewlett-Packard (Avondale, PA, USA) HP 1100 HPLC system
coupled to a Micromass QuattroIItandem quadrupole mass
spectrometer equipped with an electrospray ionization (ESI)
source. The capillary and cone voltages in the ESI+ mode were
3.0 kV and 16V, respectively. Nitrogen was used for nebuliza-
tion and as drying gas.
ABA was analyzed by LC-MS according to Li et al. [9].
1000mg of fresh plant sample were frozen in liquid N2 and
omic42 e u pa open prote
well ground with a small glass pestle in a 2ml vial. Following
the addition of 1500l of methanol, homogenates were well
mixed in an ultrasonic bath and then kept at 4 ◦C overnight.
After being centrifuged at 15,000× g for 10min, the super-
natant was collected and then vacuumed to dryness in a
Jouan RCT60 concentrator (Jouan, Berlanne, France). Dried
extract was dissolved in 200l of sodium phosphate solu-
tion (0.1mol/l, pH 7.8) and later passed through a Sep-Pak
C18 cartridge (Waters, Milford, USA). ABA was eluted with
1.5ml of 80% methanol and vacuumed to dryness again, redis-
solved in 40l of 20% acetonitrile and injected 5l into a
Waters Acquity SQD UPLC-MS system (Waters, Milford, USA),
a BEH C18 (100mm×2.1mm, 1.7m) column was used in
the UPLC, the mobile phase was 20% acetonitrile. Flow rate
was 0.25ml/min and the column temperature was 30 ◦C. The
MS was set up in the selected ion recording (SIR) mode and
operated under the following conditions: ionization: electro-
spray (ESI), capillary voltage: 2.8 kV, cone voltage: 30V, ion
source temperature: 120 ◦C, desolvation temperature: 350 ◦C,
gas ﬂow rate: 600 l/h, cone ﬂow rate: 50 l/h, m/z ratio: 263.2.
ABA concentration was calculated according to the exter-
nal standard method by using a previously set up standard
curve.
The contents of GA were determined according to Xu et al.
[10]. For each sample, at least 0.3 g fresh weight was used.
Every sample included 10–200 developing buds, depending
on the developmental stage. The samples were homogenized
in liquid N2. Then, 200ml of 80% methanol were added
together with 0.25 g of ascorbic acid to prevent oxidation
reactions during the extraction. The homogenate was stirred
overnight at 4 ◦C. The insoluble material was removed ﬁrst by
centrifugation at 18,000× g for 30min and then by ﬁltration
with a No. 4 glass ﬁlter. Internal standard GAs (1ml each of
100ng/ml [2H]GA1, [2H]GA3, and [2H]GA4) were added to the
ﬁltrate. Approximately 0.1ng of [3H]GA1, [3H]GA3, and [3H]GA4
containing 420Bq of each GA were added, and radioactivity
was checked at successive steps to monitor the loss of GAs
during puriﬁcation. The GAs were eluted with 0.2M formic
acid and loaded onto a C18 Sep-Pak cartridge (Waters), which
was prewashed with 5ml of diethyl ether, 5ml of methanol,
and 10ml of water. After the cartridge was washed with
2mM acetic acid plus 1% methanol, GAs were eluted with
5ml of 80% methanol. The aqueous methanol solution was
completely evaporated at 35 ◦C under low pressure. HPLC
was used to separate GAs into different fractions. Derivatized
samples were analyzed using a GC–MS system. Samples were
injected into an Ultra-1-fused silica capillary column at an
oven temperature of 70 ◦C with the injector splitter closed.
For GA identiﬁcation, the Kovats retention index values were
determined with a parafﬁn series for the Ultra-1 column. The
spectra were compared with pure standards or to published
spectra [11]. For quantiﬁcation, corrected calibration curves
were made for each GA by isotope-dilution analysis.
All the experiments were carried in three biological
repetitions.2.3. Cytochemical detection of H2O2
H2O2 was visualized at the subcellular level using CeCl3 for
localization [12]. Electron-dense CeCl3 deposits are formed ins 4 ( 2 0 1 4 ) 40–57
the presence of H2O2 and are visible by transmission electron
microscopy. Brieﬂy, tissue pieces (2mm×5mm) were excised
from roots of salt stressed andunstressed plants and then vac-
uum inﬁltrated with freshly prepared 5mM CeCl3 in 50mM
3-(N-morpholino)-propanesulfonic acid at pH 7.2 for 30min.
Tissues then were ﬁxed in 1.25% (v/v) glutaraldehyde and
1.25% (v/v) paraformaldehyde in 50mM sodium cacodylate
buffer (CAB), pH 7.2, for 1h at room temperature and kept
overnight at 4 ◦C. After ﬁxation, tissues were washed twice
for 10min in CAB and postﬁxed for 45min in 1% (v/v) osmium
tetroxide in CAB. Tissues were then washed twice for 10min
in CAB and dehydrated in a graded acetone series (30, 50, 70,
80, 90, and 100%, [v/v]), progressively embedded in rising con-
centrations of acetone-resin mixtures, and ﬁnally incubated
in two 24h changes of pure epoxy resin (Eponate 12 resin;
Ted Pella Inc., Redding, CA) before polymerization at 60 ◦C
for 48h. Ultrathin sections (50–100nm) were obtained on a
ReichertUltracut EMicrotome (LeicaAG,Wein, Austria) using a
diamond knife (Delaware Diamond Knives, Wilmington, DE),
mounted on nickel grids (200 mesh), and examined without
staining with a transmission electron microscope (model JEM-
1200Ex; JEOL Ltd., Tokyo, Japan) at an accelerating voltage of
80kV.
2.4. Determination of ion content
The Na+, K+, and Ca2+ contents were determined by ICP spec-
trometer [13]. Before measurement, 1 g of plant tissue was
dried in an oven at 500 ◦C for 2h. 10 cm3 of distilled water and
10 cm3 HNO3 (1M)were added to the ash. The volumeof super-
natant was increased to 50 cm3 and ﬁltered. Glycinebetaine
estimation was done in according to Greive and Grattan [14].
The absorbancewasmeasured at 365nmwithUV-visible spec-
trophotometer. Reference standards of GB (50–200g cm−3)
were prepared in 2M sulfuric acid.
2.5. Protein extraction and two-dimensional
polyacrylamide gel electrophoresis (2-DE)
To minimize errors, three biological repeats were con-
ducted for proteome analysis at each treated time point.
For each biological repeat sample, the roots of 10 soy-
bean seedlings were pooled. Soybean seedling roots were
extracted with the method of acetone/trichloroacetic acid
(TCA) precipitation according to BioRad (Hercules, CA) 2-
D manual with some modiﬁcations. Brieﬂy, root sample
powder was suspended in 10% w/v TCA/acetone con-
taining 1mM PMSF and 0.07w/v -mercaptoethanol, and
held at −20 ◦C for 1h. After centrifugation and rinse,
the vacuum dried pellets were dissolved in 800l lysis
solution containing 7M urea, 2M thiourea, 4% (w/v) 3-((3-
cholamidopropyl) dimethylammonium)-1-propanesulfonate
(CHAPS), 65mM dithiothreitol (DTT), 1mM PMSF and 0.5% v/v
biolytes. Insoluble materials were removed by centrifugation
and the protein concentration of the sample quantiﬁed using
the Bradford method [5]. About 350g of protein were sep-
arated by loading the sample on a 17 cm pH 4–7 nonlinear
gradient IPG strip (Bio-Rad), and subjected to electrophoresis
at 19 ◦C: 50v for 1h, 100v for 1h, 200v for 1h, 1000v for 1h,
2000v for 1h, 8000v for 3h, and 8000v for total of 80,000VH.
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Fig. 1 – The effects of 150mM salt stress for 12h and 72h
on root length in seedlings of genotypes Jackson and Lee
68. Data represents the average of two biological
experiments with three replicates. For each sample of two
biological experiments, 10 seedling roots were determined
and dry weight of roots was used for measure. Vertical bars
indicate ±SE and values sharing a common letter are note u pa open proteo
he second electrophoretic dimension was by 12% SDS-PAGE.
arker protein is a mixture of seven puriﬁed proteins that
esolve into sharp bands in the range of 14.4–116.0 kDa. The
ignal was visualized by silver. The protocol as follow: ﬁxed
or 1.5h, washing for three times, silver stained for 20min,
isualized for two minutes, and terminated for ten minutes.
el image was digitalized with a gel scanner for gray val-
es (Powerlook 2100XL, UMAX), and analyzed with PDQuestTM
oftware package (Version 7.2.0; Bio-Rad). Spotswere detected,
atched, and normalized on the basis of total density of gels
ith the parameter of percent volume according to the soft-
are guide. To ﬁnd the differentially expressed protein spots,
e used separate controls (1, 12, 72, and 144h) for each treated
ime point (1, 12, 72, and 144h) and then only compared the
bundance differences between the treated and controlled
amples at each particular time point. For each spot, the mean
elative volume (RV) was computed at every stage, and the
ifferences were compared using lowest standard deviations
L.S.D.) test. The spots showing a mean RV that changed more
han 1.5-fold or less than 0.66-fold and P<0.05 in different
tages were considered differentially expressed proteins.
.6. In-gel digestion and MALDI-TOF-TOF analysis
rotein spots with differential abundance patterns on gels
ere manually excised from gels, washed with Millipore pure
ater for three times, destained twice with 30mMK3Fe(CN)6
or silver staining spots, reduced with 10mM DTT in 50mM
H4HCO3, alkylated with 40mM iodoacetamide in 50mM
H4HCO3, dried twice with 100% acetonitrile and digested
vernight at 37 ◦C with sequencing grade modiﬁed trypsin
Promega, Madison, WI, USA) in 50mM NH4HCO3. The
eptides were extracted twice with 0.1% TFA in 50% ace-
onitrile. Extracts were pooled and lyophilized. The resulting
yophilized tryptic peptides were dissolved in 5mg/ml CHCA
ontaining 0.1%TFA and 50% acetonitrile. MALDI-TOF-TOFMS
nalyses were conducted using 4800 Plus MALDI-TOF-TOFTM
nalyzer (Applied Biosystems, Foster City, CA, USA).
All spectra of proteins were submitted to database
earching using online MASCOT program (http://www.
atrixscience.com), against NCBInr databases. The
earching parameters were as follow: 0.15Da mass
olerance for peptides and 0.25Da mass tolerance of
OF–TOF fragments, one allowed trypsin miscleavage,
arbamidomethyl of Cys as ﬁxed modiﬁcation, and
xidation of Met, pyro-Glu formation of N-terminal
ln and Glu as variable modiﬁcation. Only signiﬁcant
its, as deﬁned by the MASCOT probability analysis
P<0.05), were accepted. Functional groups of differentially
xpressed proteins are based on KEGG (http://www.kegg.jp/
egg/pathway.html) and literatures, while analysis of
unctional network by STRING 9.0 (http://string-db.org).
.7. Statistical analysis
ll analyses except for the abundances of the differentially
xpressed proteins were done on a completely randomized
esign. All data obtained were subjected to two-way analyses
f variance (ANOVA) and mean differences were compared
y lowest standard deviations (L.S.D.) test. Experiment forsigniﬁcantly different at 0.05 level.
determination of physiological indexes was conducted twice
for each genotype with 3 repeated measurements (n=6)
and comparisons with P<0.05 were considered signiﬁcantly
different.
3. Results
3.1. The changes of root length in soybean under salt
stress
The effects of 150mM NaCl stressed for 12h and 72h on root
length of seedlings of soybean genotypes Jackson and Lee
68 are shown in Fig. 1. The length of roots were increased
signiﬁcantly (P<0.05) after salt stress for 12h and 72h in geno-
type Lee 68, but increased signiﬁcantly (P<0.05) only after salt
stress for 72h in genotype Jackson. The results indicated that
the growth of root length of genotype Jackson was rapidly sup-
pressed under higher salinity condition than that of genotype
Lee 68.
3.2. Changes of BR, ABA and GA contents in soybean
seedling roots under salt stress
Brassinosteroids (BRs), ABA and GA play important roles in
plant growth, development and responses to various stresses
[15,16]. To understand the changes of BRs in response to salt
stress, the contents of BRs (EBI, EBK, and EBD) in the seedling
roots of genotypes Jackson and Lee 68 were determined at
the salt stress time points of 12 and 72h, respectively (Fig. 2).
The results indicated that for genotype Lee 68, the contents
of EBI, EBK, and EBD in the seedling roots were signiﬁcantly
decreased at the salt stress time point of 12h, but only EBD
content was found to be signiﬁcantly decreased at the stress
time point of 72h compared to those of the controls. How-
ever, for genotype Jackson, the contents of EBI, EBK, and EBD in
44 e u pa open proteomics 4 ( 2 0 1 4 ) 40–57
Fig. 2 – The effects of 150mM salt stress on the contents of BR, ABA and GA in the seedling roots of genotypes Jackson and
Lee 68. EBI, EBK and EBD represent epibrassinolide, epicastasterone and 6-deoxo-24-epicastasterone, respectively. ABA
represents abscisic acid. GA represents gibberellic acid. Data represents the average of two biological experiments with
n the
5 levthree replicates. Dry weight of roots was used for measure i
sharing a common letter are not signiﬁcantly different at 0.0
the seedling roots remained unchanged under both the stress
treatment and control. Noticeably, EBI, EBK, and EBD contents
in the seedling roots of genotype Lee 68 was always higher
than those in the seedling roots of genotype Jackson under
both the treatment and control at the time point of 12h.
To understand the changes of ABA and GA in soybean
seedling roots in response to salt stress, the contents of ABA
and GA (GA1, GA3 and GA4) in the seedling roots of both the
soybean genotypes under salt stress were also investigated,
and the results are shown in Fig. 2. The ABA contents in the
seedling roots of both the genotypes were found to be signif-
icantly increased under salt stress compared to those of the
controls, and moreover, the seedling roots of genotype Lee 68
had higher ABA content than those of genotype Jackson at thepresent study. Vertical bars indicate ±SE and values
el.
stress time point of 12h (Fig. 2). The contents of GA1, GA3 and
GA4 were signiﬁcantly increased in the seedling roots of geno-
type Lee 68 under salt stress compared to those of the controls,
but for genotype Jackson, only GA3 in the seedling roots was
found to be signiﬁcantly decreased under salt stress. Also
noticeably, the contents of GA1, GA3 and GA4 in the seedling
roots of genotype Lee 68werehigher than those in the seedling
roots of genotype Jackson in response to salt stress.
3.3. Changes of Na+, K+, Ca2+ contents and K+/Na+ratio in soybean seedling roots under salt stress
The contents of Na+, K+, and Ca2+ in the seedling roots of soy-
bean genotypes Lee 68 and Jackson under salt stress for 12 and
e u pa open proteomics 4 ( 2 0 1 4 ) 40–57 45
Fig. 3 – The effects of 150mM salt stress for 12h and 72h on Na2+, K+, Ca2+ contents and K+/Na+ ratio in the seedling roots
of genotypes Jackson and Lee 68. Data represent the average of two biological experiments with three replicates. Vertical
bars indicate ±SE and values sharing a common letter are not signiﬁcantly different at 0.05 level.
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72h were determined, respectively, and the results are shown
nFig. 3. Compared to the controls, the contents ofNa+, onekey
on for plant salinity response, in the seedling roots of geno-
ypes Jackson and Lee 68 were signiﬁcantly increased under
alt stress. Interestingly, Na+ contents in the seedling roots
f genotype Lee 68 were signiﬁcantly higher at the salt stress
ime point of 12h, but signiﬁcantly lower at the salt stress time
oint of 72h than those in the seedling roots of genotype Jack-
on. By contrast, the contents of K+, another key ion, were not
igniﬁcantly reduced until salt stress for 72h in the seedling
oots of both the genotypes compared to the controls (Fig. 3).
e also found that salt stress signiﬁcantly reduced K+/Na+
atio in the seedling roots of both the genotypes compared to
he control, with genotype Jackson having higher K+/Na+ ratio
n seedling roots than genotype Lee 68 at the salt stress time
oint of 12h (Fig. 3).
The contents of Ca2+ in the seedling roots of geno-
ype Lee 68 were found to be higher than those in the
eedling roots of genotype Jackson under both the control
nd treatment conditions. Noticeably, salt stress signif-
cantly reduced Ca2+ contents in the seedling roots of
enotype Jackson under salt stress compared to the con-
rols, but signiﬁcantly increased Ca2+ content in the seedling
oots of genotype Lee 68at the salt stress time point of
2h.3.4. H2O2 accumulation in soybean seedling roots
under salt stress
Although reactive oxygen species (ROS) act as an essential
messenger in plant development and stress responses, ROS
over-accumulation is lethal because it results in damage to
biomolecules [17]. In the present study, the accumulation of
H2O2 in the stressed seedling roots were investigated with
a cerium perhydroxide (CeCl3)-based cytochemical technique
[12]. The results showed that salt stress led to the accumu-
lation of H2O2 in the cells of seedling roots, as indicated in
Fig. 4. CeCl3 deposits, indicative of the presence of H2O2, were
barely detected in the secondary cell walls of xylem vessels in
the seedling roots of both the genotypes under control (Fig. 4A
and B), but electron-dense CeCl3 deposits were detected in the
secondary cell walls of xylem in the seedling roots of both the
genotypes after salt stress for 12h (Fig. 4C andD). However, the
accumulation of H2O2 in the seedling roots of genotype Jack-
son (Fig. 4C) was higher than that in those of genotype Lee 68
(Fig. 4D).3.5. 2-DE maps and the identiﬁcation of DEPs
A proteomics approach was further applied to the seedling
roots of the two soybean genotypes, Jackson (salt-sensitive)
46 e u pa open proteomics 4 ( 2 0 1 4 ) 40–57
Fig. 4 – H2O2 accumulation in the seedling roots of genotypes Jackson and Lee 68. Cytochemical localization of
NaCl-induced H2O2 in root cells using transmission electron microscopic. (A) Two-week seedling roots of genotype Jackson
without any treatment. (B) Two-week seedling roots of genotype Lee 68 without any treatment. (C) Two-week seedling roots
of genotype Jackson under 150mM salt stress for 12h. (D) Two-week seedling roots of genotype Lee 68 under 150mM salt
stress for 12h. Bar =5mm.
and Lee 68 (salt-tolerant) under salt stress. 2-DE maps were
obtained using IEF on 17 cmpH4–7 nonlinear IPG gels followed
by SDS-PAGE on 12% polyacrylamide gels. The 2-DE proteome
proﬁles of each sample were stained by silver, and the repre-
sentative results are shown in Supplementary 1. Quantitative
image analysis of three biological replicates of each sample
by PDQuest 7.2 software revealed that a total of 68 protein
spots showed a more than 1.5-fold or less than 0.66-fold differ-
ence in abundance values in at least one salt stress time point
compared to the control of corresponding time point. The 68
spots from 2-DE gels were excised and in-gel digested using
trypsin and subjected to mass spectrometry analysis. Finally,
all the 68 proteins were conﬁdently identiﬁed according to
NCBI database, but for spot 5 and spot 43, each was identiﬁed
as two proteins. Spot 5 contained an unknown protein and a
serine/threonine-protein phosphatase PP2A catalytic subunit-
like, whereas spot 43 consisted of a s-adenosylmethionine
synthetase 1-like isoform 1 and a s-adenosylmethionine syn-
thetase 2-like isoform 1. The positions of all the differentially
expressed proteins are displayed in Fig. 5. Their peak lists
and mascot search results are shown in Supplementary 2. The
identities of 68 proteins were shown in Table 1.All the 68 identiﬁed proteins in the seedling roots were
divided into different functional classes according to KEGG
(http://www.kegg.jp/kegg/pathway.html) and literatures, and
their distributions into putative functional categories are
shown in Fig. 6 and Table 1. The identiﬁed proteins in both
the genotypes were found to be involved in 13 metabolic
pathways and cellular processes, including signal transduc-
tion (10.1%), redox homeostasis (20.3%), energy related (5.8%),
carbohydrate metabolism (18.8%), nucleotide metabolism
(1.5%), amino acid and nitrogen metabolism (8.7%), secondary
metabolite biosynthesis (17.4%), cytoskeleton (1.5%), trans-
porting associated proteins (1.5%), protein biosynthesis (4.3%),
proteolytic proteins (4.3%), cell cycle (2.9%), and unclassi-
ﬁed (2.9%). As shown in Fig. 6A, the most striking feature
of this classiﬁcation was the highest representation of pro-
teins linked with redox homeostasis (20.3%), carbohydrate
metabolism (18.8%) and secondary metabolite biosynthesis
(17.4%), accounting for 56.5% of the total identiﬁed proteins.
Additionally, all the differentially expressed proteins identi-
ﬁed in the seedling roots of the two genotypes were found
to be involved in the same metabolic pathways and cellular
processes (Fig. 6B and C).
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Fig. 5 – Identiﬁcation of 68 root protein spots from
genotypes Jackson and Lee 68 under 150mM NaCl stress
for 1, 12, 72 and 144h by 2-DE and MALDI-TOF-TOF MS
analysis. The numbers with arrows indicate thee u pa open proteo
.6. Protein–protein interaction analysis of identiﬁed
roteins
enerally, proteins perform their functions through forming
large interaction network in the special environment. In
he present study, identiﬁed proteins were grouped into func-
ional classes according to the biological processes in which
hey are involved. STRING, which offers an upgrade of the
unctional analysis, was used to visualize the protein–protein
nteraction. The protein interaction network generated with
TRING revealed the functional links among different pro-
eins. The major clusters of interacting proteins from both
he genotypes, were involved in signal transduction, redox
omeostasis, carbohydrate metabolism, protein biosynthe-
is, and cytoskeleton, which are highlighted with circles as
arked in Fig. 7A and B. Interestingly, 1 protein (COG0031)
elated to amino acid and nitrogen metabolism also was cir-
led in the salt tolerant genotype (Fig. 7B). Phosphoglycerate
inase (COG0126) (Fig. 7A) and cysteine synthase (COG0031)
Fig. 7B) were the two central core proteins of the interac-
ing network, due to its interactions with many other proteins
nvolved in other pathways.
. Discussion
.1. Changes of BR, ABA, GA and Ca2+ signal
ransduction in soybean seedling roots by salt stress
rassinosteroids (BRs) play important roles in plant growth,
evelopment and responses to various stresses [18–20]. BRs
ignal through plasma membrane receptor BRI1 and co-
eceptor BAK1, and several positive (BSK1, BSU1, PP2A) and
egative (BKI1, BIN2 and 14-3-3) regulators to control the activ-
ties of BES1 and BZR1 family transcription factors, which
egulate the expression of hundreds to thousands of genes for
arious BR responses, such as cell elongation, cell division,
eaf development, root growth, stress responses and so on
21–24]. In this study, a total of 7 identiﬁed proteins were found
o relate to signal transduction in soybean seedling roots in
esponse to salt stress.Of them, 4proteins (spots 1–4) belonged
o 14-3-3 family ones. They are related to BR signaling and
unction as negative regulators to control the activities of
ES1 and BZR1 family transcription factors [21]. Interestingly,
protein spot (spot 5) was found to contain an unknown
rotein and a serine/threonine-protein phosphatase PP2A
atalytic subunit-like. However, further evidence is needed
o determine whether the serine/threonine-protein phos-
hatase PP2A catalytic subunit-like dephophorylates BZR1 in
R signaling or not. All the four 14-3-3 family proteins (spots
–4) were found to be up-regulated by salt stress in both the
enotypes, implying that BR signaling regulated by 14-3-3 pro-
ein might be changed by salt stress in soybean seedling roots,
hich would lead to changes of the root growth. Higher salin-
ty conditions have been found to rapidly suppress the growth
f root length in transgenic rice and tomato [25,26]. There-
ore, we ﬁrstly determined the contents of BRs (EBI, EBK, and
BD) in the seedling roots of genotypes Jackson and Lee 68
t the salt stress time points of 12h and 72h, respectively
Fig. 2). The results indicated that the contents of EBI, EBK,differentially expressed and identiﬁed protein spots.
and EBD were signiﬁcantly decreased in the seedling roots
of genotype Lee 68 at the salt stress time points of 12h, but
not signiﬁcantly changed in the seedling roots of genotype
Jackson under salt stress. It is well known that BR signaling
inhibits BR biosynthesis through BES1 and BZR1 inhibition of
the expression of DWF4, CPD and other biosynthesis genes
[27]. Therefore, the signiﬁcantly decreased BR contents in the
seedling roots of genotype Lee 68 at the stress time point
of 12h implied that its BR signaling might be enhanced at
the early stage of salt stress. Secondly, we determined the
seedling root length of genotypes Jackson and Lee 68 after
the salt stress for 12h and 72h, respectively. The root length
was found to be signiﬁcantly increased in genotype Lee 68
but not signiﬁcantly changed in genotype Jackson after the
salt stress for 12h. However, after salt stress for 72h, no dif-
ference in root length between the two genotypes was found
(Fig. 1). The phenomena might be caused by the enhanced BR
signaling in the seedling roots of genotype Lee 68 at the early
stage of salt stress (Fig. 2). Taken together, salt stress enhanced
BR signaling in the seedling roots of genotype Lee 68 at the
early stage of salt stress, which may be one of the important
reasons that genotype Lee 68 is more salt tolerant than geno-
type Jackson. It is the ﬁrst time to ﬁnd that BR signaling is
correlated with salt tolerance in soybean.
On the other hand, 14-3-3 family proteins are not only
under the control of abscisic acid (ABA), but that they con-
trol ABA action as well [28,29]. In this study, the up-regulation
of 14-3-3 family proteins (spots 1–4) would enhance the ABA
signaling in soybean seedling roots under salt stress, which
was conﬁrmed by the increased ABA contents in the seedling
roots of genotypes Jackson (salt sensitive) and Lee 68 (salt
tolerant) under salt stress (Fig. 2). Moreover, ABA content
in the seedling roots of genotype Lee 68 was higher than
that in the seedling roots of genotype Jackson at stress time
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Table 1 – The 74 differentially expressed proteins identiﬁed in the seedling roots of genotypes Jackson and Lee 68 under salt stresses for 1, 12, 72 and 144h.
aSpot
no.
bAccession
no.
cProtein
name
dProtein
score
eSC (%) fMP gTpI/EpI hTmw/Emw Jackson Lee 68
iR0 R1 R12 R72 R144 R0 R1 R12 R72 R144
Signal transduction
1 gi|3023195 14-3-3-like protein B, Glycine
max
214 21 5 4.75/4.65 28.0/30.1 1.0 2.0* 2.9* 1.8* 1.7* 1.0 2.0* 1.1 1.6* 2.2*
2 gi|3023197 14-3-3-like protein D,
Glycine max
260 24 4 4.79/4.65 29.6/34.9 1.0 1.1 1.0 1.2 1.8* 1.0 1.1 1.1 1.5* 2.4*
3 gi|356552916 14-3-3 protein-like protein,
Glycine max
514 32 5 4.67/4.34 29.4/32.8 1.0 1.3 1.2 1.2 2.5* 1.0 1.0 1.0 1.1 2.2*
4 gi|255637729 14-3-3-like protein C-like,
Glycine max
77 15 2 4.90/4.88 29.3/32.9 1.0 0.8 0.9 1.1 1.7* 1.0 0.9 0.9 1.8* 2.4*
5 gi|255637306 Unknown, Glycine max 239 16 5 5.37/5.60 40.9/40.4 1.0 1.0 1.4 1.9* 2.3* 1.0 1.1 1.8* 2.1* 6.3*
gi|356505473 Serine/threonine-protein
phosphatase
PP2A catalytic subunit-like,
Glycine max
89 6 2 5.12/5.60 36.3/40.4
1.0 1.1 1.0 1.0 1.7* 1.0 1.0 0.9 0.9 1.7*
6 gi|3550661 39kDa EF-Hand containing
protein, Solanum tuberosum
57 2 2 4.65/4.50 39.0/43.1
7 gi|356517239 Auxin-induced protein
PCNT115-like isoform 1,
Glycine max
283 18 5 6.11/6.34 38.2/37.8 jn n n n n n n kp* n n
Redox homeostasis
8 gi|310561 Ascorbate peroxidase,
Glycine max
265 28 5 5.51/5.53 27.1/26.9 1.0 2.8* 1.3 1.0 0.9 1.0 1.7* 1.8* 1.2 1.2
9 gi|310561 Ascorbate peroxidase,
Glycine max
60 18 2 5.51/5.54 27.1/27.8 1.0 2.1* 1.3 1.6* 0.8 1.0 0.7 1.0 1.6* 1.1
10 gi|310561 Ascorbate peroxidase,
Glycine max
197 11 2 5.51/6.17 27.1/27.8 1.0 1.0 1.1 1.1 1.8* 1.0 1.1 0.9 0.9 0.9
11 gi|134646 Superoxide dismutase [Fe],
chloroplastic, Glycine max
112 13 3 5.60/5.49 27.9/27.4 1.0 1.1 1.1 1.7* 1.4 1.0 0.9 0.8 0.8 0.9
12 gi|11385431 Glutathione S-transferase
GST 8, Glycine max
129 11 2 5.66/5.47 25.9/26.9 1.0 1.1 1.0 1.0 1.0 1.0 1.2 1.2 1.6* 2.0*
13 gi|11385439 Glutathione S-transferase
GST 12, Glycine max
82 7 2 5.85/5.87 26.7/26.3 1.0 1.1 1.0 1.3 1.5* 1.0 1.1 1.0 1.4 2.0*
14 gi|163930028 Protein disulﬁde isomerase
family,
Glycine max
148 8 2 5.41/5.72 48.0/49.8 1.0 3.7* 0.9 1.0 1.0 1.0 1.1 1.1 1.5* 1.9*
15 gi|49257111 Disuﬁde isomerase-like
protein,
Glycine max
115 12 3 5.73/6.46 40.7/41.9 1.0 1.2 1.4 2.1* 1.3 1.0 0.8 0.8 1.1 3.6*
16 gi|49257109 Disulﬁde isomerase-like
protein,
Glycine max
55 10 3 5.06/5.03 59.0/58.4 1.0 1.9* 3.0* 1.2 1.0 1.0 0.7 0.7 0.9 1.5*
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Table 1 (Continued)
aSpot
no.
bAccession
no.
cProtein
name
dProtein
score
eSC (%) fMP gTpI/EpI hTmw/Emw Jackson Lee 68
iR0 R1 R12 R72 R144 R0 R1 R12 R72 R144
17 gi|49257111 Disuﬁde isomerase-like
protein,
Glycine max
65 7 2 5.73/5.56 40.7/41.9 1.0 1.0 1.1 0.6* 0.6* 1.0 1.2 1.3 1.5* 1.9*
18 gi|358248610 Aldo-keto reductases,
Glycine max
395 25 6 5.93/6.41 35.0/35.1 1.0 0.6* 0.3* 1.6* 1.8* 1.0 1.0 0.8 0.9 3.1*
19 gi|356504240 Aldo-keto reductase family
4 member C9-like, Glycine
max
504 28 7 6.02/6.61 35.4/35.8 1.0 1.1 1.3 1.7* 1.8* 1.0 1.1 1.2 1.5* 3.5*
20 gi|356500615 2-Cys peroxiredoxin
BAS1-like, chloroplastic,
Glycine max
279 18 3 5.97/4.51 28.7/25.0 1.0 2.0* 3.0* 1.5* 1.2 1.0 1.1 0.7 1.4 2.5*
21 gi|351720861 Methionine sulfoxide
reductase, Glycine max
277 32 5 5.01/4.99 21.9/25.2 n n p* n n n p* n n n
Energy related
22 gi|356505863 Rubisco-associated
protein-like, Glycine max
264 15 4 4.98/5.02 32.8/30.5 1.0 1.0 1.1 1.0 1.0 1.0 0.2* 0.3* 0.3* 1.1
23 gi|356505863 Rubisco-associated
protein-like, Glycine max
191 13 3 4.98/5.22 32.8/31.5 1.0 0.6* 1.0 1.1 1.4 1.0 1.0 1.2 1.3 2.1*
24 gi|356559442 Oxygen-evolving enhancer
protein 1, chloroplastic-like,
Glycine max
46 8 2 6.66/5.38 35.3/34.4 1.0 0.6* 1.4 1.4 1.4 1.0 1.1 0.5* 0.9 1.4
25 gi|356512762 Probable ATP synthase
24kDa subunit,
mitochondrial-like, Glycine
max
113 14 3 6.09/5.99 27.5/27.6 1.0 0.8 0.7 1.9* 1.6* 1.0 1.0 1.0 0.9 1.9*
Carbohydrate metabolism
26 gi|356537120 Succinyl-CoA ligase
[ADP-forming] subunit beta,
mitochondrial, Glycine max
498 16 5 5.89/5.59 45.7/43.8 1.0 1.1 1.3 1.1 1.1 1.0 1.9* 1.8* 0.8 1.7*
27 gi|359807323 Malate dehydrogenase,
Glycine max
619 27 8 8.11/6.47 43.5/38.8 1.0 0.5* 0.8 1.0 1.0 1.0 1.7* 1.6* 1.2 1.1
28 gi|359807323 Malate dehydrogenase,
Glycine max
345 31 8 8.11/6.48 43.5/39.0 n n n n n 1.0 1.0 1.5* 1.5* 1.5*
29 gi|42521311 Cytosolic malate
dehydrogenase, Glycine max
411 27 5 6.32/6.25 35.8/37.9 1.0 0.6* 0.6* 1.1 1.0 1.0 0.5* 0.5* 0.6* 0.6*
30 gi|42521311 Cytosolic malate
dehydrogenase, Glycine max
246 16 4 6.32/6.11 35.9/35.0 1.0 0.9 0.5* 1.4 2.7* 1.0 0.4* 1.0 2.6* 2.4*
31 gi|169989 NADPH-speciﬁc isocitrate
dehydrogenase, Glycine max
559 17 8 6.13/6.06 49.5/45.6 1.0 0.6* 0.2* 0.6* 0.5* 1.0 1.5* 1.6* 1.3 1.2
32 gi|169989 NADPH-speciﬁc isocitrate
dehydrogenase, Glycine max
57 4 2 6.13/6.97 49.5/43.8 1.0 0.3* 0.3* 1.3 1.3 1.0 0.5* 0.6* 1.5* 3.5*
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Table 1 (Continued)
aSpot
no.
bAccession
no.
cProtein
name
dProtein
score
eSC (%) fMP gTpI/EpI hTmw/Emw Jackson Lee 68
iR0 R1 R12 R72 R144 R0 R1 R12 R72 R144
33 gi|356550378 Fructokinase-2-like, Glycine
max
297 18 5 5.29/5.77 35.5/34.2 1.0 0.5* 0.6* 0.6* 0.5* 1.0 0.6* 1.0 1.6* 3.0*
34 gi|359807544 Triosephosphate isomerase,
Glycine max
168 17 3 6.35/5.98 33.4/28.5 1.0 1.0 0.6* 1.0 1.1 1.0 0.6* 0.5* 1.0 0.5*
35 gi|48773765 Triosephosphate isomerase,
Glycine max
317 28 4 5.87/6.04 27.4/28.9 1.0 0.6* 0.5* 0.6* 0.6* 1.0 1.0 1.1 1.0 1.0
36 gi|356525742 Phosphoglycerate kinase,
chloroplastic-like, Glycine
max
290 17 6 7.79/6.58 50.2/44.0 1.0 0.5* 0.4* 0.2* 0.6* 1.0 0.5* 1.1 2.1* 2.3*
37 gi|356525744 Phosphoglycerate kinase,
cytosolic-like, Glycine max
311 21 5 6.28/6.52 42.4/42.7 1.0 0.5* 0.5* 0.5* 1.0 1.0 1.0 0.6* 1.1 2.2*
38 gi|29373061 Alcohol dehydrogenase
1-like, Glycine max
227 14 3 5.97/6.24 41.6/44.1 1.0 1.2 1.1 0.5* 0.6* 1.0 1.2 1.3 1.0 1.0
Nucleotide metabolism
39 gi|356512850 Phosphoribosylformyl-
glycinamidine cyclo-ligase,
Glycine max
344 11 3 5.19/4.88 40.8/34.6 1.0 1.1 1.0 0.9 1.6* 1.0 1.2 1.1 1.8* 3.6*
Amino acid and nitrogen metabolism
40 gi|121336 Glutamine synthetase
cytosolic isozyme 1, Glycine
max
432 18 6 5.46/5.45 39.0/42.8 1.0 0.5* 0.5* 0.6* 1.1 1.0 1.0 1.0 1.0 1.1
41 gi|18252506 Cysteine synthase, Glycine
max
540 23 5 5.69/5.71 34.4/31.0 1.0 1.1 1.0 1.0 1.0 1.0 1.0 1.0 1.5* 2.2*
42 gi|3024126 S-adenosylmethionine
synthase 1,
Glycine max
424 25 8 5.59/6.46 43.5/44.7 1.0 0.9 0.9 1.0 1.0 1.0 0.3* 0.9 1.1 1.1
43 gi|356505665 S-adenosylmethionine
synthetase 1-like isoform 1,
Glycine max
462 19 6 5.57/6.50 43.7/45.6 1.0 1.1 1.0 1.0 1.0 1.0 0.4* 1.2 1.1 1.1
gi|356505256 S-adenosylmethionine
synthetase 2-like isoform 1,
Glycine max
340 14 4 6.12/6.50 43.2/45.6
1.0 1.2 1.2 1.8* 2.3* 1.1 1.1 1.1 1.0 4.4*
44 gi|358248766 Diaminopimelate
epimerase,
chloroplastic-like, Glycine
max
84 9 3 6.18/6.32 39.5/37.6
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Table 1 (Continued)
aSpot
no.
bAccession
no.
cProtein
name
dProtein
score
eSC (%) fMP gTpI/EpI hTmw/Emw Jackson Lee 68
iR0 R1 R12 R72 R144 R0 R1 R12 R72 R144
Secondary metabolite biosynthesis
45 gi|255637391 Isoﬂavone reductase
homolog A622-like, Glycine
max
539 29 6 6.12/6.74 34.1/34.9 1.0 0.5* 0.4* 0.6* 1.1 1.0 1.0 0.8 1.2 1.2
46 gi|356538212 Isoﬂavone reductase-like,
Glycine max
443 35 6 5.51/6.13 35.7/35.9 1.0 0.5* 1.0 1.6* 1.2 1.0 0.9 0.5* 1.2 1.7*
47 gi|356518030 Isoﬂavone reductase
homolog, Glycine max
177 7 2 6.10/6.32 43.3/42.6 1.0 0.5* 0.5* 1.6* 1.9* 1.0 0.4* 1.0 1.0 1.6*
48 gi|356538212 Isoﬂavone reductase-like,
Glycine max
281 18 4 5.51/5.90 35.7/39.4 1.0 0.6* 0.6* 0.6* 0.5* 1.0 0.5* 0.6* 1.1 1.8*
49 gi|75305825 Chalcone–ﬂavonone
isomerase 1A, Glycine max
545 49 8 6.23/6.87 23.3/24.1 1.0 1.1 1.0 1.2 1.3 1.0 1.0 1.1 1.6* 1.9*
50 gi|231799 Chalcone synthase 7,
Glycine max
422 15 5 5.96/6.29 43.2/44.4 1.0 0.5* 0.5* 1.0 1.0 1.0 0.6* 0.5* 1.1 1.3
51 gi|336390553 Caffeic acid
3-O-methyltransferase,
Glycine max
367 26 6 5.40/5.79 40.2/42.6 1.0 1.0 1.1 0.5* 0.4* 1.0 1.1 1.3 1.3 1.2
52 gi|356521520 Caffeoyl coenzyme A
3-O-methyltransferase-like,
Glycine max
164 27 3 5.46/5.39 28.2/30.1 1.0 0.6* 0.9 1.2 1.2 1.0 0.9 0.9 1.5* 1.2
53 gi|356506164 3-Phosphoshikimate
1-carboxyvinyltransferase,
chloroplastic-like, Glycine
max
294 13 5 6.29/5.26 56.3/46.9 1.0 5.9* 5.8* 1.2 1.2 1.0 1.2 1.2 1.6* 3.0*
54 gi|2687726 2′’-Hydroxydihydrodaidzein
reductase, Glycine max
339 22 6 5.52/5.74 36.1/42.0 1.0 1.1 1.0 1.0 1.1 1.0 1.2 1.2 5.1* 5.2*
55 gi|363808196 Dihydroﬂavonol-4-
reductase, Glycine
max
605 23 6 5.52/6.47 36.3/43.2 1.0 1.0 1.1 0.6* 1.0 1.0 0.5* 0.3* 1.2 1.2
56 gi|2687726 2′-Hydroxydihydrodaidzein
reductase, Glycine max
309 15 4 5.52/6.05 36.1/37.9 1.0 0.6* 0.6* 0.6* 0.9 1.0 0.6* 0.5* 0.9 1.2
Cytoskeleton
57 gi|356512803 Actin-7-like, Glycine max 496 23 7 5.37/5.54 41.9/44.8 1.0 0.9 0.6* 1.4 1.0 1.0 1.3 1.2 1.5* 1.6*
Transporting associated proteins
58 gi|156616913 V-H(+)-ATPase subunit A,
Glycine max
52 5 2 5.41/5.70 69.0/65.2 1.0 0.5* 1.0 1.0 1.0 1.0 1.5* 1.2 1.2 1.1
52
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Table 1 (Continued)
aSpot
no.
bAccession
no.
cProtein
name
dProtein
score
eSC (%) fMP gTpI/EpI hTmw/Emw Jackson Lee 68
iR0 R1 R12 R72 R144 R0 R1 R12 R72 R144
Protein biosynthesis
59 gi|217038832 Eukaryotic translation
initiation factor 5A2, Glycine
max
464 50 6 5.60/5.75 17.7/19.6 1.0 3.2* 1.0 1.1 0.6* 1.0 1.0 0.4* 1.0 2.0*
60 gi|356524925 26S proteasome
non-ATPase regulatory
subunit RPN12A-like,
Glycine max
87 6 2 4.98/5.03 31.1/29.6 1.0 n* n* n* 1.1 1.0 n* n* n* 1.0
61 gi|356516253 Alpha-galactosidase-like
isoform 1, Glycine max
72 5 2 5.86/5.76 46.6/44.2 1.0 1.1 1.1 1.1 1.7* 1.0 1.1 1.1 1.3 5.8*
Proteolytic proteins
62 gi|356496249 Proteasome subunit alpha
type-4-like isoform, Glycine
max
248 32 7 5.96/5.89 27.5/28.6 1.0 0.4* 0.3* 1.4 2.0* 1.0 1.2 1.3 1.2 1.6*
63 gi|351734454 Proteasome-beta-type-1,
Glycine max
381 30 5 6.82/6.65 24.8/25.3 1.0 0.5* 0.3* 1.2 1.2 1.0 1.0 1.0 1.1 1.0
64 gi|356555724 Fumarylacetoacetase-like,
Glycine max
354 14 5 5.84/6.05 46.2/44.9 1.0 0.4* 0.6* 2.3* 1.5* 1.0 0.9 1.0 1.1 1.2
Cell cycle
65 gi|356576095 Ran-binding protein 1
homolog b-like, Glycine max
300 30 6 4.78/4.65 29.0/35.1 1.0 2.1* 1.2 2.2* 2.5* 1.0 0.9 1.0 1.0 2.5*
66 gi|129699 Proliferating cell nuclear
antigen, O. sativa
42 13 2 4.65/4.53 26.4/35.2 1.0 0.6* 0.8 1.6* 2.3* 1.0 1.5* 0.6* 0.6* 1.7*
Unclassiﬁed
67 gi|5381209 Trypsin inhibitor p20,
Glycine max
308 27 4 5.39/5.70 22.9/22.4 1.0 3.0* 2.7* 1.5* 1.2 1.0 1.1 1.2 0.6* 1.7*
68 gi|7670062 Epsilon1-COP, Glycine max 120 12 3 5.31/5.29 32.6/29.4 1.0 1.1 1.0 1.2 3.8* 1.0 1.1 1.1 1.1 3.9*
a Numbering corresponds to the 2-DE in Fig. 4.
b Accession number from the NCBInr database.
c Names and species of the proteins obtained via the MASCOT software from the NCBInr database.
d MOWSE score probability for the entire protein.
e The sequence coverage of identiﬁed proteins.
f The total number of identiﬁed peptide.
g TpI and EpI are theoretical isoelectric point and experimental isoelectric point, respectively.
h Tmw and Emw are theoretical molecular mass and experimental molecular mass, respectively.
i The protein abundance ratio (Treatment/Control) at each particular time point.
j n indicates that the spot is not detected in 2-DE.
k p indicates that the spot is detected in 2-DE.
∗ Indicates signiﬁcant (more than 1.5-fold or less than 0.66-fold) difference between control and treatment at 0.05 level.
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Fig. 6 – Functional groups of differentially expressed proteins identiﬁed in the seedling roots of genotypes Jackson and Lee
68 under salt stress. (A) Functional groups for both the genotypes. (B) Functional groups for genotype Lee 68. (C) Functional
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Groups for genotype Jackson. This classiﬁcation is based on
oint of 12h (Fig. 2). Our results indicated that ABA content
ight be positively correlated with salt tolerance. In addi-
ion, 14-3-3 proteins are also important for progression of
he GA signal toward the -amylase gene [30–32]. The up-
egulation of 14-3-3 proteins indicated that GA signalingmight
e enhanced under salt stress in soybean seedling roots. To
alidate whether the GA signaling was affected or not, we
etermined the contents of GA1, GA3 and GA4 in the seedling
oots of genotypes Jackson and Lee 68 at the salt stress time
oint of 72h (Fig. 2). The results indicated that the contents of
A1, GA3 and GA4 were signiﬁcantly increased in the seedling
oots of genotype Lee 68 under salt stress, but only GA3 in the
eedling roots of genotype Jackson was found to be signiﬁ-
antly decreased under salt stress. The results suggested that
A signaling was signiﬁcantly enhanced by salt stress onlyG (http://www.kegg.jp/kegg/pathway.html) and literatures.
in the seedling roots of genotype Lee 68, but not in those of
genotype Jackson. This may be another important reason that
genotype Lee 68 is more salt tolerant than genotype Jackson.
One protein, 39kDa EF-Hand containing protein (spot 6)
was found to be involved in Ca2+ signaling pathway. EF-Hand
containing protein has a single EF-hand motif, which is used
as amolecular device to recognize transducer speciﬁc Ca2+ sig-
nal through binding calcium to change their conformation to
interact with down-stream proteins [33]. The EF-hand calcium
binding protein gene transferred into tobacco increased the
tolerance to salinity conditions [34]. The abundance of 39kDa
EF-Hand containing protein was found to be signiﬁcantly up-
regulated at the stress time point of 144h in the seedling roots
of both the genotypes. But genotype Jackson maintained its
abundance unchanged under all other salt stress time points
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Fig. 7 – Analysis of a functional network by STRING 9.0
(http://string-db.org). (A) Proteins from salt sensitive
genotype (Jackson). (B): Proteins from salt tolerance
genotype (Lee 68). Different line colors represent the types
of evidence used in predicting the associations: gene fusion
(red), neighborhood (green), co-occurrence across genomes
(blue), co-expression (black), experimental (purple),
association in curated databases (light blue) or
co-mentioned in PubMed abstracts (yellow). The major
clusters of interacting proteins from both the genotypes,
are highlighted with circles as marked in the ﬁgure. (For
interpretation of the references to color in this ﬁgure legend,
the reader is referred to the web version of the article.)
(1, 12, and 72h), while genotype Lee 68 tended to decrease its
abundance at the stress time points of 12 and 72h (Table 1).
Our proteomics results indicated that Ca2+ signaling in the
seedling roots of genotype Lee 68 was stronger enhanced by
salt stress than in those of genotype Jackson, which may be
one of the reasons that genotype Lee 68 is more salt toler-
ant than genotype Jackson. Moreover, in the present study,s 4 ( 2 0 1 4 ) 40–57
salt stress was found to signiﬁcantly reduce Ca2+ contents
in the seedling roots of genotype Jackson under salt stress,
but signiﬁcantly increase Ca2+ content in the seedling roots of
genotype Lee 68 at the salt stress time point of 72h (Fig. 3).
It has been reported that the increased Ca2+ content could
enhance salt tolerance by changing activity of ion channel,
accelerating exocytosis of Na+ and uptake of K+ in plant under
salt stress [35–37]. The higher level of Ca2+ in genotype Lee 68
than genotype Jackson may be one of the reasons that the
former is more salt tolerant than the latter.
4.2. Salt stress activates antioxidant enzymes to
reduce ROS damage in soybean seedling roots
Although reactive oxygen species (ROS) act as an essential
messenger in plant development and stress responses, ROS
over-accumulation is lethal because it results in damage to
biomolecules [17]. In the present study, a total of 14 identi-
ﬁed proteins were found to obviously relate to anti-oxidative
reactions in soybean seedling roots in response to salt stress.
Except for spots 17 (disulﬁde isomerase-like protein) and
18 (aldo-keto reductases), which were down-regulated by
salt stress only in genotype Jackson, all other spots (spots
8–16, spots 19–21) were up-regulated by salt stress in the
seedling roots of both the genotypes. The 12 up-regulated pro-
teins included 3 ascorbate peroxidases, superoxide dismutase
[Fe] (chloroplastic), 1 glutathione S-transferase GST8, 1 glu-
tathione S-transferase GST12, 1 protein disulﬁde isomerase
family, 2 disuﬁde isomerase-like proteins, 1 aldo-keto reduc-
tase family 4 member C9-like, 1 2-Cys peroxiredoxin BAS1-like
(chloroplastic), and 1 methionine sulfoxide reductase. These
proteins are major ROS-scavenging proteins, providing plant
cells with highly efﬁcient machinery for detoxifying H2O2 and
the other ROS [38]. However, many identiﬁed proteins, such as
spots 12, 13, 15, 17, 18, and 19, had more abundance in geno-
type Lee 68 than in genotype Jackson. Our proteomics results
might indicate that soybean seedling roots would increase
ROS-scavenging proteins in response to salt stress and geno-
type Lee 68 may have stronger ROS-scavenging capability in
seedling roots than genotype Jackson. To validate the hypoth-
esis,H2O2 accumulation in the stressed soybean seedling roots
was investigated. The results showed that the accumulation
of H2O2 in the seedling roots of genotype Jackson (Fig. 4C)
was higher than that in the seedling roots of genotype Lee
68 (Fig. 4D), suggesting that higher efﬁcient machinery for
detoxifying ROS (especially for H2O2) in the seedling roots of
genotype Lee 68 than in those of genotype Jackson is a key rea-
son that genotype Lee 68 is more salt tolerant than genotype
Jackson.
4.3. Variation of transporting proteins and K+/Na+
ratio
Exposure to high-salt conditions generally causes osmotic
stress, cellular ionic toxicity and oxidative stress, which leads
to inhibition of vital enzymes and metabolic processes. This
would result in slow growth, wilting or even death of most
plant species [39]. One approach used by plants to deal with
high cytosolic ion is to transport it out of the cytosol or into
the vacuole; vacuolar compartmentalization is an efﬁcient
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Fig. 8 – Graphic depiction of identiﬁed signaling pathway elements and metabolic changes and transporting associated
proteins in soybean seedling under salt stress. Proteins and metabolic pathways in blue were found in seedling leaves;
proteins and metabolic pathways in red were found in seedling roots. G protein, guanine nucleotide-binding protein; TCTP,
translationally controlled tumor protein; EF-HCP, 39kDa EF-Hand containing protein; AAS, aspartate aminotransferase;
SAMS, S-adenosylmethionine; ACS, 1-aminocyclopropane-1-carboxylate synthetase; RLS, ribulose 1,5-bisphosphate
carboxylase large subunit; Trans, transketolase; VHA, V-H(+)-ATPase subunit A; GST, glutathione S-transferase; Perox,
peroxiredoxin; PDI, protein disulﬁde isomerase-like; Glyox, glyoxalase; APX, ascorbate peroxidase; SOD, superoxide
dismutase (chloroplastic). (For interpretation of the references to color in this ﬁgure legend, the reader is referred to the web
v
s
N
A
[
s
[
i
s
p
c
d
s
s
s
t
c
o
f
r
i
s
t
sersion of the article.)
trategy for the plant cell to cope with salt stress [40]. Vacuolar
a+/H+ antiporters use the proton gradient generated byV-H+-
TPase and V-Ppase for Na+ sequestration into the vacuolar
41]. V-H+-ATPase is a complex enzyme consisting of multiple
ubunits, with a combined molecular weight of over 700kDa
42]. It is also known toprovideprotonmotive force for energiz-
ng Na+/H+ antiporter at the tonoplast that mediates vacuolar
odium sequestration to maintain cell K+/Na+ homeostasis in
lants [43], which performs a crucial importance in protecting
ells from ion damage. In the present study, we detected a
ifferentially expressed protein identiﬁed as V-H(+)-ATPase
ubunit A (spot 58) in the soybean seedling roots under salt
tress. The protein remained unchanged in abundance under
alt stress except for signiﬁcant down-regulating at the stress
ime point of 1h in the seedling roots of genotype Jackson. By
ontrast, the abundance of the protein in the seedling roots
f genotype Lee 68 tended to increase under salt stress except
or signiﬁcant up-regulating at the stress time point of 1h. The
esults indicated that Na+ and K+ transportation capability
n seedling roots of both the genotypes was affected by salt
tress, while genotype Lee 68 had stronger capability of main-
aining cell K+/Na+ homeostasis in seedling roots under salt
tress than genotype Jackson. To validate the hypothesis, thecontents of Na+, K+, and the ratio of K+/Na+ in seedling roots of
both the genotypes under salt stress (12 and 72h) were deter-
mined (Fig. 3). The results showed that genotype Jackson had
higher K+/Na+ ratio in the seedling roots than genotype Lee 68
at the salt stress time point of 12h, indicating that genotype
Lee 68 had stronger capability of maintaining cell K+/Na+
homeostasis in seedling roots under salt stress than genotype
Jackson. Also, this may be another important reason why
genotype Lee 68 is more salt tolerant than genotype Jackson.
4.4. Comparison in the salt-responsive metabolic
pathways and cellular processes between seedling leaves
and roots of both the genotypes
To cope with salt stress, soybean plants have evolved complex
salt-responsive signaling and metabolic processes at the
cellular, organ, and whole-plant levels. Conjoint analysis of
the comparative proteomics results of both the seedling roots
and leaves of soybean will be more helpful in understanding
how it responds to salt stress at the whole-plant level. In
the present study, our comparative proteomics analysis of
soybean seedling roots, combined with our previous com-
parative proteomics analysis of soybean seedling leaves [5],
omic
r56 e u pa open prote
can provide a systematical comparison between the salt-
responsive metabolic pathways and cellular processes found
in soybean seedling leaves and roots under salt stress. The
key similarities and differences were as follows (Fig. 8).
Under salinity conditions, many stress-responsive sig-
nals (e.g., ions, ROS and ethylene) are perceived by their
receptors/sensors and transduced through kinase-mediated
protein phosphorylation and/or G-proteins to regulate the cor-
responding signaling and metabolic pathways [44]. (1) Ca2+
signaling was affected by salt stress in both the leaves and
the roots of soybean seedling, and moreover, genotype Lee 68
had stronger Ca2+ signaling in the seedling roots than geno-
type Jackson; (2) BR, ABA and GA signalings were signiﬁcantly
affected by salt stress in soybean seedling roots, while only
ethylene signaling was affected in the leaves; (3) protein syn-
thesis was inhibited while protein proteolysis was enhanced
in both the leaves and roots of soybean seedling; (4) nucleotide
metabolism, carbohydrate metabolism, amino acid and nitro-
gen metabolism, and secondary metabolite biosynthesis were
changed in both the leaves and roots of soybean seedling
in response to salt stress; (5) biosynthesis of antioxidation
enzymes was enhanced to reduce ROS content and protect
cells from oxidative damage in both the leaves and roots of
soybean seedling in response to salt stress; (6) photosynthe-
sis was impaired through down-regulation of the Calvin cycle
only in soybean seedling leaves.
Based on the comparative proteomics results of seedling
leaves, why genotype Lee 68 is more salt-tolerant than geno-
type Jackson may be due to that it possesses higher ROS
scavenging, more abundant energy supply and ethylene pro-
duction, and stronger photosynthesis in seedling leaves under
salt stress [5]. In the present study, we further found that BA
and GA signalings were signiﬁcantly increased only in the
seedling roots of genotype Lee 68 under salt stress; ABA con-
tent was enhanced in the seedling roots of genotype Lee 68
than in those of genotype Jackson at the stress time point of
12h; genotype Lee 68 had stronger Ca2+ signaling and higher
level of Ca2+ in the seedling roots than genotype Jackson; and
moreover, genotypeLee 68had stronger cell K+/Na+ homeosta-
sis maintaining in seedling roots than genotype Jackson under
salt stress. All these results found in the present study may be
the other reasons that genotype Lee 68 is more salt-tolerant
than genotype Jackson.
5. Conclusions
Two soybean genotypes Lee 68 (salt tolerant) and Jackson
(salt sensitive) were used as experimental materials in this
study. A comparative proteomics analysis was performed on
the seedling roots of these two genotypes, and 68 differen-
tially expressed proteins were detected and identiﬁed. The
identiﬁed proteins in both the genotypes were found to be
involved in 13 metabolic pathways and cellular processes.
Combined with our previous comparative proteomics analy-
sis on seedling leaves, the similarities anddifferences between
the salt-responsivemetabolic pathways and cellular processes
in the seedling leaves and roots of both the genotypes were
discussed. And the basis of metabolic pathways and cellular
processes for why genotype Lee 68 is more salt-tolerant thans 4 ( 2 0 1 4 ) 40–57
genotype Jackson was also proposed. Such a result will allow
us to further understand and describe the possible manage-
ment strategy of cellular activities occurring in salt-stressed
soybean seedling.
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